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Abstract: This study describes and interprets Upper Cretaceous volcaniclastics interbedded with hemipelagic to pelagic limestones, marls,
and turbidites from the Western Pontides, northwestern Turkey. The Dereköy Formation, the Unaz Formation (red pelagic limestone
unit), and the Cambu Formation can be distinguished, overlain by the turbiditic Akveren Formation. Biostratigraphic ages from the
predominantly volcaniclastic Dereköy Formation indicate Turonian (Dicarinella concavata planktonic foraminifera zone, CC13/UC8-9
nannofossil zones) to middle/late Santonian ages up to CC17/UC13. The Unaz Formation, deposited during the late Santonian (UC13,
Dicarinella asymetrica Zone), is overlain by the volcaniclastic Cambu Formation of latest Santonian (CC17b/UC13) to early/middle
Campanian (CC20/UC15a) age. However, turbidite intercalations are already present diachronously from CC19/UC14d onwards, and
the turbiditic Akveren Formation ranges up into the late Maastrichtian (Abathomphalus mayaroensis Zone). Geochemistry of the
volcaniclastic units reveals information about the volcanic series and tectonic setting, although element mobility has to be considered.
An overall trend of calc-alkaline to high-K calc-alkaline series and basaltic to basalt-andesitic rock types was identified. A negative
Nb anomaly with respect to Th and Ce in all samples confirms the existence of a volcanic arc, also indicated by a negative Ti anomaly.
Biostratigraphic age constraints give evidence for volcanic arc activity mainly between Turonian and early Campanian, ca. 91 - 79 Ma.
Various geochemical data, especially element variations normalized to N-MORB, show two types of volcanic arc basalts (VAB): (1)
Calc-alkaline to high-K calc-alkaline VAB have increased Nb and Zr values, (2) more tholeiitic VABs are depleted in Nb, Zr, Ti, V. The
volcaniclastics successions were deposited in an arc setting triggered by different stages of subduction of the Neotethys Ocean to the
south and contemporaneous spreading in the Western Black Sea Basin to the north. An extensional regime caused formation of small
but deeper-water sedimentary basins along the southern shore of the Black Sea where volcaniclastic complexes interfingered within
short lateral distances with pelagic and mass-flow deposits.
Key words: Western Pontides, Turkey, Upper Cretaceous, volcaniclastics, geochemistry, biostratigraphy, nannofossils, foraminifera

1. Introduction
During the Mesozoic to Paleogene, the western Tethys
consisted of a complex array of opening and closing
oceanic basins (e.g., Stampfli and Borel, 2002; Schettino
and Turco, 2011). During the Cretaceous, significant
magmatism developed from southern Bulgaria in the
west to Georgia in the east (e.g., Robinson et al., 1995;
Nikishin et al., 2015a; Gallhofer et al., 2015). Volcanism
along this magmatic arc, south of the spreading Black Sea

area, developed in the north of the subducting northern
branch of Neotethys (Robinson et al., 1995). Age,
palaeogeography, and tectonic setting of this volcanism is
still debated, especially in the Pontides area of northern
Turkey (e.g., Tüysüz, 1999, 2011; Hippolyte et al., 2010,
2016; Tüysüz et al., 2012, 2016; Tüysüz, 2017; Keskin and
Tüysüz, 2017).
Investigated successions of pelagic and hemipelagic
Upper Cretaceous sediments interlayered with volcanic-
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volcaniclastic complexes alongside the southern Black
Sea coast in northern Turkey give biostratigraphic age
constraints on volcanism, allow the reconstruction of
paleogeography, and provide information on the type of
magmatism, sources and the magmatic evolution in time.
Both Upper Cretaceous volcanic successions in the Eastern
Pontides (Eyüboğlu, 2010; Eyüboğlu et al., 2011; Sipahi et
al., 2014) and volcaniclastic occurrences in the Western
Pontides are of increasing interest and thoroughly studied
(Keskin et al., 2003; Çinku et al., 2009; Şahin et al., 2012;
Tüysüz et al., 2012; Keskin and Tüysüz, 2017). The area
studied in this work is situated in the northwestern Turkey,
in the Western Black Sea Section, in Bartın, Kastamonu,
and Sinop Provinces (Boehm, 2015).
The aim of this study was to examine the geochemical
properties of the Upper Cretaceous volcaniclastics in the
Western Pontides in order to contribute to the knowledge
about the tectonic setting within the framework of rifting
and spreading of the Black Sea and evolution of the
Neotethyan subduction system in Turkey. To constrain
phases of volcanism we follow a multistratigraphic
approach, in combining the analysis of the volcaniclastics
with results on calcareous nannofossil and planktonic
foraminiferal biostratigraphy from the same sections
(see also Hippolyte et al., 2010; Tüysüz et al., 2012,
2016). We present a classification of the volcaniclastics
of the Western Pontides based on immobile element
discrimination diagrams, highlighting tectonic setting,
rock type, and volcanic series. Furthermore, we discuss
existing palaeogeographic and tectonic models and
provide age constraints contributing to an interpretation
of the evolution of the Neotethys in the Late Cretaceous in
the region. Groups of volcaniclastics were correlated to the
relative ages of biostratigraphy and interpreted in respect
to palaeotectonic settings (see also Tüysüz, 2011, 2017;
Keskin and Tüysüz, 2017).
2. Geological setting
Turkey is located on several continental fragments, derived
from Laurussia and Gondwana respectively, bearing
evidence for the development of the Tethys oceanic system.
Turkey is subdivided into three major tectonic units (Figure
1a): (1) the Pontides unit, (2) the Anatolide-Taurides unit,
and (3) the Arabian plate (Şengör and Yılmaz, 1981; Okay
and Tüysüz, 1999). The northernmost unit, the Pontides,
consists of the İstanbul, Rhodope-Strandja, and Sakarya
zones. These terranes were amalgamated gradually from
the Variscan until the Alpine time (Moix et al., 2008; Okay
and Nikishin, 2015) due to subduction within the Tethyan
realm and opening of the Black Sea. Suture zones bear
evidence for the diverse oceanic basins which divided the
continental fragments (Bozkurt and Mittwede, 2001; Moix
et al., 2008; Okay, 2008; Okay and Nikishin, 2015).
The studied outcrops are situated in the Western
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Pontides, on the İstanbul zone (Figure 1b). This zone is
delimited to the south against Sakarya by the Intra-Pontide
suture zone (Şengör and Yılmaz, 1981, Okay et al., 2013)
and lies between the prolongation of the Western Black Sea
Transform Fault to the west and the Araç-Daday-İnebolu
shear zone, the possible continuation of the Intra-Pontide
Suture, to the east (Okay et al., 1994; Tüysüz, 1999). The
Sakarya zone is separated from the Anatolide-Taurides
by the İzmir-Ankara-Erzincan suture zone to the south
(Şengör and Yılmaz, 1981; Okay and Tüysüz, 1999). This
major suture zone was created by the subduction of the
northern branch of the Neotethys Ocean, where northdipping subduction initiated the southward movement
of the İstanbul terrane (Okay et al., 1994). Further, in
the Early Cretaceous, rifting of the Western Black Sea
Basin started, interpreted as being triggered by back arc
extensional processes (e.g., Zonenshain and Le Pichon,
1986; Robinson et al., 1995). Contemporaneously with
rifting and spreading in the Black Sea, a volcanic arc
developed in the Late Cretaceous in the Pontides area
(Görür, 1988; Tüysüz, 1999, Nikishin et al., 2015b).
As consequence of the overall extensional tectonic
regime, arc-related deep-marine sedimentary basins
developed in both the İstanbul and Sakarya zones. The
studied Upper Cretaceous successions are located along
the northern margin of the Zonguldak Basin and its
tectonically uplifted eastern continuation, the Cide Uplift
in the İstanbul Zone (Tüysüz, 1999 and 2017; see Figure
1b).
2.1. Stratigraphy
Although different stratigraphic concepts and
lithostratigraphic subdivisions exist (e.g., Tüysüz, 1999;
Hippolyte et al., 2010), the Upper Cretaceous succession
in the study area can be principally subdivided into 4
formations, with a lower volcaniclastic complex, a red
pelagic limestone unit (Figure 2a), an upper volcaniclastic
complex, and overlying turbidites and (hemi-) pelagics
(Figure 2b). According to Tüysüz (1999, 2011) and Tüysüz
et al. (2012), the two volcaniclastic units comprise the lower
Dereköy Formation of Turonian to Santonian age (Keskin
and Tüysüz, 2017), and the upper Cambu Formation of
the Campanian age (Figure 3), separated by a distinct and
widespread red pelagic limestone succession belonging to
the Unaz Formation of late Santonian to early Campanian
age (see also Hippolyte et al., 2010; Tüysüz et al., 2012).
Locally, conglomerates and sandstones are present at the
base of the Unaz Formation (Kökyol Formation of Keskin
and Tüysüz, 2017). The Akveren Formation overlies the
Cambu Formation (Figure 3).
The lower volcaniclastic unit is interpreted to have
been deposited in a rapidly deepening marine basin,
within extensional structures such as (half-) grabens
between horsts, contemporaneously with the onset of
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Figure 1. a) Geological overview map and main structural elements of the wider area of Turkey. The rectangle marks the study
area in the Western Pontides (modified from Okay and Tüysüz, 1999 and Moix et al., 2008); b) Detailed map of the study
area; triangles represent sampled outcrops, numbers refer to sampled composite sections (see Figure 3): 1-Alayazı, 2-Kuşçu,
3-Köseli, 4-Çayaltı, 5-Amasra, 6-Uğurlar, 7-Bartın. Shaded area indicates Cide uplift.

rifting in the Western Black Sea Basin (Tüysüz, 1999, 2017;
Okay and Nikishin, 2015). The red pelagic limestones of
the Unaz Formation record an interval without volcanism,
blanketing uniformly the horst-and-graben structures,
interpreted as a period of post-rift regional subsidence
according to Tüysüz et al. (2012). The upper volcanic unit,
the Cambu Formation, is assumed to have been deposited
after rifting when spreading in the western embrionic Black

Sea Basin was already initiated (Keskin and Tüysüz, 2017).
This Black Sea margin then became a passive margin with
sedimentation of deep-water turbidites and hemipelagic
sediments (Keskin and Tüysüz, 2017).
3. Materials and methods
Road side sections between Bartın, Amasra, Cide, and
İnebolu (Figures 2a and 2b), providing long continuous
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Figure 2. Field photographs: a) topmost part of the Dereköy Formation (D; gray marls and limestones with tuff intercalations) overlain
by red limestones of the Unaz Formation (U; Çayaltı section); field notebook (20 cm length) marked for scale; b) Top part of the Cambu
Formation (C; mainly volcaniclastics) overlain by turbidites and shales of the basal Akveren Formation (A; Alayazı section).

Upper Cretaceous pelagic sections, were sampled for
biostratigraphy and volcaniclastic layers. In total, 134
samples were taken. Fifty-five samples were evaluated
for calcareous nannofossils, 44 of them provided a
biostratigraphically significant nannofossil assemblage,
64 samples were processed for planktonic foraminiferal
stratigraphy, the washing residues of 24 samples yielded
biostratigraphically relevant data, and 16 samples of
volcaniclastics were analyzed in detail for geochemistry
(see Appendix), mineralogy and petrology.
3.1. Biostratigraphy
Fifty-five suspension slides were prepared for calcareous
nannofossil investigation using scratched sediment
powder suspended with distilled water in a beaker. After
2 h, the super fluent containing mainly clay size particles
was removed and a new suspension was prepared from
which droplets were put on a glass cover plate, air
dried, and then fixed on glass slides. The samples were
examined qualitatively for biostratigraphic markers using
a polarized-light microscope. We applied the older CC
nannofossil standard zonation (Sissingh, 1977; PerchNielsen, 1985), as well as the more recent Burnett (1998)
Upper Cretaceous (UC) nannofossil standard zonation
for the Tethyan realm (UCTP-zones and subzones), and
refer to Burnett (1998) for nannofossil zonal definitions
and taxonomy.
Foraminiferal biostratigraphy was assessed using
64 marl and marly-limestone samples. The samples
were dissolved with the tenside Rewoquad© and, if a
considerable amount of organic matter was present,
soaked overnight in hydrogen peroxide. After washing
through 4-mm, 125-μm, and 63-μm sieves, the samples
were dried overnight at 50 °C. The >125-μm fraction
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was used exclusively for qualitative biostratigraphic
investigations. The samples were scanned for the presence
or absence of biostratigraphically indicative taxa.
Planktonic foraminiferal taxonomy follows Nederbragt
(1991), Robaszynski and Caron (1995), Premoli Silva and
Verga (2004) and Petrizzo et al. (2011). The samples are
stored in the Earth Science collections at the Department
of Geodynamics and Sedimentology, University of Vienna.
3.2. Geochemistry and mineralogy of volcaniclastics
Sixteen volcaniclastic samples were analyzed for both
major and 56 trace elements by Acme Labs (now Bureau
Veritas) Vancouver, Canada. Whole-rock analysis for
11 major oxides was carried out with ICP emission
spectrometry, following a lithium borate fusion and
dilute acid digestion. The samples were sintered at 1000
°C (LOI) and Leco analysis for total carbon and sulfur
was done. Determination of a 45-element suite of trace
elements was performed using ICP mass spectrometry.
Total abundances of rare earth and refractory elements
were gained by lithium borate decomposition practice.
Precious metals, base metals, and their associated
pathfinder elements were determined from an aqua
regia digestion. ICP-ES and ICP-MS techniques have
precisions of 0.01% for oxides and 0.1%–0.2% for trace
elements, respectively (Bureau Veritas Canada). All major
and trace element analysis results are listed in Appendix
(Table A1, for abbreviations see Table A2). The applied
discrimination methods were selected from the literature
(see the references below).
Additional qualitative mineralogical data were
obtained by using thin sections and X-ray powder
diffraction at the Faculty of Earth Sciences, University of
Vienna (see Appendix).

BOEHM et al. / Turkish J Earth Sci

Figure 3. Chronostratigraphy, biostratigraphic zonations, and lithostratigraphic overview of sampled sections in the Western Pontides,
arranged from old to young. Chronostratigraphic–geochronologic scale modified from Gradstein et al. (2012) using data by Burnett
(1998), Coccioni and Premoli Silva (2015), and Wolfgring et al. (2018) for placement of the Santonian–Campanian boundary.

4. Results
4.1. Biostratigraphy
4.1.1. Calcareous nannofossil, planktonic and benthic
foraminiferal biostratigraphy
Abundance of calcareous nannofossils was few to
common, ranging generally from 1 to 20 specimens per
field-of-view (FOV). Preservation was poor to moderate
(e.g., Figures 4a and 4b), i.e. between moderate signs
of overgrowths (most of the specimens could still be

identified at least at genus level) and strong overgrowths
and/or etching (determination at species and genus level
often questionable for 50% of the assemblages). The
main sections investigated along an east-to-west transect
(Figure 3) show the following nannofossil zonation based
on identified nannofossil marker species (see Figures 4a–
4k for selected nannofossil markers).
The state of preservation of planktonic and benthic
foraminifera in Kuşçu (e.g., Figure 5, images 1-6), Alayazı
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and Çayaltı sections can be considered as moderate, in the
Bartın section as well preserved (Figure 5, images 7-9).
Due to the presence of volcaniclastics and tuff admixture
only about one third of the samples yielded planktonic
foraminifera, e.g., the Köseli section samples provided only
few recrystallized individuals; Amasra (Tüysüz et al., 2012)
and Uğurlar sections were not sampled for foraminifera
due to the lack of suitable soft pelagic material. Detailed
sections, sample positions and biostratigraphy can be seen
in Figures 6 and 7.
4.1.1.1. Alayazı section
This section (41°59.783 N, 033°16.717 E) west of İnebolu
exposes the transition from volcaniclastics of the topmost
11 m of the Cambu Formation into an about 15-m thick
calciturbiditic succession including slumps of the basal
Akveren Formation (Figures 2b and 7). The section starts
in UC14b-UC15a (CC18b-CC19a) (sample T13/16),
defined by the combined occurrence of Broinsonia parca
parca (Figure 4c), Broinsonia parca constricta (Figure 4d),
and Marthasterites inconspicuus. The top of the Cambu
Formation (sample T13/17a) is dated as CC19a and UC14d,
defined by the first occurrence (FO) of Ceratolithoides cf.
verbeeki, (Figure 4e). The base of the turbiditic Akveren
Formation (sample T13/17b) is attributed to UC15b
(CC20), defined by the FO of Ceratolithoides aculeus.
Stratigraphically indicative foraminiferal taxa, such
as Contusotruncana patelliformis, C. fornicata, diverse
marginotruncanids, Globotruncanita stuartiformis, Gta.
elevata, Globotruncana linneiana, G. neotricarinata,
and G. arca were recorded from the base of the Alayazı
section (topmost Cambu Formation). We record the FO

a

b

c

of Contusotruncana cf. plummerae midsection, at the
base of the Akveren Formation. Dicarinellids and Sigalia
spp. are absent in the lower part of the Alayazı section.
According to the planktonic foraminiferal record we infer
a biostratigraphic age of the early Campanian G. elevata to
the mid-Campanian C. plummerae Zone.
4.1.1.2. Kuşçu section
The section near Kuşçu village (41°55.789′ N, 033°04.151′
E) east of Cide comprises, at the top, the 5-m thick
Unaz Formation (red pelagic marly limestones) and the
underlying upper part of the Dereköy Formation with
an exposed thickness of 52 m. The base of the measured
section (sample T13/13), already within the grayishgreenish marls and tuffs of the volcanic-volcaniclastic
dominated main part of the Dereköy Formation, is
dated to UC9 and CC13 (above the FO of Marthasterites
inconspicuus/furcatus), below the FO of Micula
staurophora. The overlying cyclic gray pelagic marls and
limestones with rare tuff layers of the upper part of the
Dereköy Formation comprise a succession of nannofossil
zones UC10 (defined by the FO of Micula staurophora in
sample T13/12), UC11 (defined by the FO of Lithastrinus
grillii in sample T13/11b, Figure 4g), UC12 (defined by
the last occurrence (LO) of Lithastrinus septenarius in
sample T13/09, Figure 4h), UC13 (defined by the FO of
Arkhangelskiella cf. cymbiformis in sample T13/08), and
CC14/15-CC16-CC17a, respectively. The base of the Unaz
Formation (sample T13/04) was dated still as UC13 and
CC17b (defined by the FO of curved Lucianorhabdus
cayeuxii, Wagreich, 1992, Figure 4j); however, a small fault
is present at the base of the Unaz Formation.

e

d

f

10µm

g

h

i

j

k

Figure 4. Selected nannofossil marker species from the Coniacian–Campanian interval of the Western Pontides (all light microscope
crossed nicols except Figure 4k normal light, all same magnification as Figure 4: a) Arkhangelskiella cf. cymbiformis (sample T13/01,
Köseli section); b) Broinsonia parca cf. expansa (T13/22, Köseli section); c) Broinsonia parca parca (T13/17, Alayazı section); d)
Broinsonia parca constricta (T13/17, Alayazı section); e) Ceratolithoides cf. verbeeki (T13/17, Alayazı section); f) Calculites obscurus
(T13/16, Alayazı section); g) Lithastrinus grillii (T13/01, Köseli section); h) Lithastrinus septenarius (T13/09, Kuşçu section); i) Micula
staurophora (left) and Lucianorhabdus maleformis (right) (T13/11, Kuşçu section); j) Lucianorhabdus cayeuxii curved morphotype
(T13/16, Alayazı section); k) Marthasterites furcatus (T13/20, Çayaltı section).
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Figure 5. Selected planktonic foraminiferal marker species (SEM photographs, scale bar 100 µm): 1a,b,c: Dicarinella concavata (base
Kuşçu section, 5 m); 2a, b, c: Dicarinella sp. cf. Dicarinella primitiva (base Kuşçu section, 5 m); 3a, b, c: Marginotruncana paraconcavata
(base Kuşçu section, 5 m); 4a,b,c: Marginotruncana sp. (base Kuşçu section, 5 m); 5:Whiteinella sp. cf. Whiteinella baltica (Kuşçu section,
28m); 6 Marginotruncana pseudolinneiana (Kuşçu section, 28 m); 7a, b, c: Pseudotextularia intermedia (Bartın section, 35 m); 8a, b, c:
Globotruncanita angulata (Bartın section, 35 m); 9a, b, c: Rugoglobigerina rugosa (Bartın section, 25 m).

Abundant marginotruncanids and whitinellids are the
typical genera of the planktonic foraminiferal assemblage
at Kuşçu section. The assemblage recorded from the base
of the section yields Dicarinella hagni, D. primitiva, D.
concavata, Whiteinella baltica, W. archaeocretacea, as
well as abundant marginotruncanids. Biserial planktonic
morphotypes are rare. We record the FO of Pseudotextularia
nuttalli at Kuşçu midsection. Towards the top of the
section, the assemblage yields abundant globotruncanids
(Globotruncana linneiana, G. neotricarinata). Benthic
foraminiferal markers evident from the topmost samples
(T13/07-T13/04) include Stensioeina pommerana and
Gavellinella pertusa that give evidence for the late
Santonian/early Campanian (Pozaryska and Witwicka,
1983; Kopaevich et al., 2007; Dubicka and Peryt; Wolfgring
et al., 2018). The presence of Globotruncana linneiana
indicates the Santonian age in the topmost part of the
section. Planktonic and benthic foraminiferal data suggest
an age of the latest Turonian Dicarinella concavata Zone
to the latest Coniacian/Santonian D. asymetrica biozones.
4.1.1.3. Köseli section
The base of the 12-m thick Unaz Formation in the Köseli
section (41°54.865′ N, 033°01.629′ E; see also Tüysüz et
al., 2012), comprising red marly limestones, could be dated
within nannofossil zones CC17b and UC13 (Figure 6). The
main marker species present are Calculites obscurus and
curved Lucianorhabdus cayeuxii (L. cayeuxii form B of
Wagreich, 1992) and rare Arkhangelskiella cf. cymbiformis

(Figure 4a) besides longer ranging markers like Micula
staurophora, Marthasterites furcatus, Lithastrinus grillii
(Figure 4g), Lucianorhabuds maleformis, and Reinhardtites
anthophorus (sample T13/01). Higher up in the section,
nannofossil samples show bad preservation (strongly
etched), including Broinsonia parca cf. expansa (Figure 4b)
but no Broinsonia parca parca could be found, thus dating
the top of the Unaz Formation still into CC17b and UC13.
Marlstones at Köseli section yielded very few badly
to moderately preserved planktonic foraminifera.
However, our findings concur with those of Tüysüz et al.
(2012); Hedbergella spp., Hedbergella flandrini, biconvex
globotruncanid taxa as well as biserial planktonic forms
were identified in the Unaz Formation. We cannot confirm
the presence of Dicarinella spp. in our samples yet.
4.1.1.4. Çayaltı section
The data from this section (41°48.955′ N, 032°40.194′
E) west of Cide confirm former results (so-called Turabi
section in Tüysüz et al., 2012). The topmost 50 m of the
Dereköy Formation (couplets of white limestone and
light gray marls, Figures 2a and 6) can be assigned to
UC12 and CC16-17 with Lithastrinus grillii (from sample
T13/20 upwards, absence of Lithastrinus septenarius),
Lucianorhabdus cayeuxii, and Marthasterites furcatus
(Figure 4k). Above a slight unconformity, the base of the
9 m thick Unaz Formation (red pelagic limestones, sample
T13/26) ranges into CC17b and UC12-13 including
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common Calculites obscurus and curved morphotypes of
Lucianorhabdus cayeuxii (Arkhangelskiella cf. cymbiformis,
which FO defines the base of UC13, is extremely rare
in this section and occurs only sporadically), and the
base of the overlying Cambu Formation (including
greenish volcaniclastics and gray tuff layers, samples
T13/28-T13/30) is still in CC17b and UC13.
Foraminiferal marker taxa and the assemblage
composition assessed at the Çayaltı section indicate the
D. concavata to D. asymetrica planktonic foraminiferal
biozones: Marginotruncanids (predominantly M. coronata
and M. pseudolinneiana) are abundant. Dicarinelllids are
very rare. Few specimens of D. concavata were identified,
G. neotricarinata morphotypes are present, indicating most
probably a Santonian age (Lamolda et al., 2014; Petrizzo
et al., 2017). Biconvex globotruncanid morphotypes are
also present. The late Santonian–early Campanian marker
taxon Globotruncanita elevata is absent. The benthic
foraminiferal marker taxon Gavelinella lorneiana, known
from the Coniacian to Santonian (Dubicka and Peryt,
2014), was identified.
4.1.1.5. Amasra sections
The sections around Amasra (Amasra highway 41°44.316′
N, 032°25.700′ E; Amasra old road 41°44.205′ N,
032°24.650′ E; Amasra side road 41°41.145′ N, 032°21.723′
E) show, above a major unconformity, a 50-cm thin
reworking and/or breccia interval (Kökyol Formation
of Keskin and Tüysüz, 2017) overlain by 8-m thick red
limestones of the Unaz Formation of UC12-13 and CC1617 (corroborating results of Hippolyte et al., 2010, and
Tüysüz et al., 2012), which grade into gray marls and
tuffs of the Cambu Formation. The lowermost light gray
marls of the Cambu Formation (sample T13/34) yielded
Arkhangelskiella cymbiformis, and thus indicate UC13. The
samples within the main part of the volcaniclastic Cambu
Formation’s further upsection yielded neither nannofossils
nor foraminifera (barren samples T13/37a,b).
4.1.1.6. Uğurlar sections
Several sections around Uğurlar village (41°41.335′ N,
032°23.267′ E) expose different parts of the Cambu
Formation (Figure 7). In line with the former results,
the base of the Cambu Formation ranges consistently in
CC17–UC13, below the FO of Broinsonia parca parca,
which was found higher up in the section, within thin
marlstone layers in the volcaniclastic part of this unit,
attesting to CC18-19–UC14a-d (samples T13/38, T13/39,
T13/40).
4.1.1.7. Bartın section
The lower part of the Akveren Formation was sampled
to the north of Bartın within a more than 100-m
thick composite section comprising several outcrops
(41°39.205′ N, 032°21.423′ E to 41°38.843′ N, 032°21.491′
E). A succession of nannofossil zones UC15c–CC21 (base
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defined by FO of Uniplanarius sissinghii in sample T13/44)
and CC22 (UC15d, base defined by FO of Uniplanarius
trifidus in sample T13/51) can be recognized (Figure 7).
Data from the planktonic foraminiferal record indicate
a mid- to late Campanian (Contusotruncana plummerae
or Globotruncana ventricosa zones) to early Maastrichtian
(Racemiguembelina
fructicosa
to
Abathomphalus
mayaroensis zones) age for this succession. The transition
of a late Campanian to early Maastrichtian planktonic
foraminiferal fauna is evident with taxa defining the
Gansserina gansseri Zone. The nominative taxon, frequent
globotruncanids (including Globotruncanita conica and
Globotruncanita stuarti), a biserial foraminiferal fauna that
seems to be dominated by small Planoheterohelix globulosa,
and abundant rugoblobigerinids were identified. Towards
the top of the section multiserial planktonic foraminifera
such as Planoglobulina sp., Planoglobulina acervulinoides,
Pseudotextularia intermedia, and Racemiguembelina
powelli become a common faunal element. Furthermore,
the stratigraphically indicative taxa Globotruncanita
angulata, Globotruncana aegyptiaca, and Abathomphalus
mayaroensis were identified. The Maastrichtian marker
Contusotruncana contusa was not recorded.
4.2. Volcaniclastics
4.2.1. Mineralogy
Thin-section (Figures 8a–8f) results and powder X-ray
diffraction (XRD) analysis by Boehm (2015) (see
Appendix) indicate some differences between the samples
from Dereköy and Cambu formations. The presence of
quartz was recorded for the majority of samples from
the Dereköy Formation, whereas almost no quartz was
present in those of the Cambu Formation (Boehm, 2015).
Furthermore, the Dereköy Formation samples contained
more calcite, but less feldspar. With increasing diagenetic
instability of anorthite (Ca-plagioclase), both calcite
cement and clay mineral contents increase. Clay minerals
of the expandable smectite group such as montmorillonite
and nontronite could be identified and the presence of
smectite could be confirmed (see Appendix and Boehm,
2015). Zeolite minerals, like clinoptilolite are typical for
the Cambu Formation samples and could significantly
less often be identified in the Dereköy Formation samples
(Boehm, 2015).
Thin sections of the volcaniclastic rocks generally
showed fine particle sizes below 1 mm. The samples contain
lithic clasts, vitric clasts, and crystals that are embedded in
a matrix of ash, glass, mica, or other alteration minerals like
clay. Lithic clasts are found in the samples of both volcanic
formations (e.g., Amasra sections). The lithic clasts are
subrounded and up to 2 mm in size, seem to be mainly
reworked volcanic rocks, and comprise phenocrysts of
plagioclase and sometimes pyroxene and titanomagnetite.
Some lithics are composed of an ashy matrix, embedding
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Figure 6. Detailed sedimentological logs, sampling points, identified standard nannofossil zones (standard zonation of Burnett, 1998),
and selected foraminiferal data (H. - Hedbergella, G. - Globotruncana, Ps. - Pseudotextularia, D. Dicarinella) from the Dereköy Formation
(D.Fm.), the Unaz Formation and the base of the Cambu Formation (CF) at sections Köseli, Kuşçu, Çayaltı, and Amasra. Section
correlation level at base of Unaz Formation.
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Figure 7. Detailed sedimentological logs, sampling points, identified standard nannofossil zones (standard zonation of Burnett, 1998)
and selected foraminiferal data (Ca. - Contusotruncana, Gta. - Globotruncanita, Ps. - Pseudotextularia, A. - Abathomphalus) at sections
Uğurlar (Cambu Formation), Alayazı (boundary interval from Cambu Formation to Akveren Formation) Bartın (Akveren Formation).
For legend see Figure 6.
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numerous crystal shards like plagioclase phenocrysts. The
appearance is characteristic of the vesicular structure of
pumice, with its cavities filled by secondary minerals.
Vitric clasts are less abundant, but still observed in
many samples (Figure 8a). They have approximately the
same size, often show narrow smectite rims and sometimes
contain unaltered glass. The crystal fragments, often
embedded in finer grained matrix, are diverse. Feldspar
is abundant in all samples, predominantly plagioclase and
sanidine. Grain size, shape, and preservation vary strongly
(Figures 8b–8d). Furthermore, rounded and sometimes
corroded quartz crystals with occasional oscillatory
extinction are present. Many samples from the Cambu
Formation contained mica, ranging from euhedral biotites
(Figure 8e) to matrix-forming mica. Glass was common in
most samples with the highest amount recorded from the
Cambu Formation (e.g., Figure 8b). Within altered glass,
relatively unaltered porphyric crystals were found. Apart
from amphiboles and pyroxene, also euhedral, rounded
and partly decomposed grains of olivine were preserved
in some samples. The abundance of olivine documents
that alteration in those samples was in an early stage. In
contrast to the samples containing carbonate minerals,
calcite crystals as well as cement could be found in the
samples of both formations (e.g., Kuşçu section; Çayaltı
section, Figure 8f).
4.2.2. Geochemistry
Whole rock geochemistry data for major and trace elements are given in Table A1 (recalculated on water-free
basis). SiO2% values range from 29% to 76%. Excluding
samples with SiO2 below 37% and one sample, which is
with 76% SiO2 clearly more acidic than the others, SiO2
ranges from 37% up to 59%. The average SiO2% is 52 and
K2O% 1.95 (again excluding the samples <37% SiO2). LIL
elements including Cs, Rb, Ba, and Pb are abundant. ∑REE
(ppm) varies between the values of 13 and 30. Excluding
the very acidic sample, the ∑REE is highest where also
SiO2% is highest. The REE patterns normalized to Chondrite have fractionated LREE and are almost horizontal for
the HREE, and the samples show a negative Nb anomaly.
Alkali versus silica and normalized rare earth element
abundances were plotted. Following element mobility
tests, further discrimination diagrams were chosen and
discussed below.
5. Discussion
5.1. Chronostratigraphy and lithostratigraphy
Biostratigraphic ages from the Dereköy Formation indicate
latest Turonian (Dicarinella concavata Zone, nannofossil
zones CC13 and UC9) up to Santonian ages (Dicarinella
asymetrica Zone, nannofossil zones CC17b and UC1213), overlying the main basal volcanic–volcaniclastic part
of the Dereköy Formation, which thus may be dated as

Turonian (see also Tüysüz, 1999 and Tüysüz et al., 2012).
The distinct red limestones of the Unaz Formation
were deposited during the middle to late Santonian
(Hippolyte et al., 2010; Tüysüz et al., 2012). This is
confirmed by nannofossil data (CC17–UC12-13, see also
Hippolyte et al., 2010) and conforms to the upper part
of the planktonic foraminifera Dicarinella asymetrica
Zone (see also Tüysüz et al., 2012). No indication for
a Campanian age is present still at the top of the Unaz
Formation in our investigated sections (Figures 3, 6, and
7), especially when a palaeomagnetic definition of the base
of the Campanian, i.e. the base of magneto-chron C33r,
is applied, which is closely linked to the LO of Dicarinella
asymetrica and the FO of (large forms of) Broinsonia
parca parca (Ogg and Hinnov, 2012; Scott, 2014; Coccioni
and Premoli Silva 2015; Wolfgring et al., 2017, 2018). At
sections Kuşçu, Çayaltı, and Köseli, a small time gap and
slight unconformity may be present at the base of the Unaz
Formation, but no significant time interval is missing, as
sediments below (Dereköy Formation) and above (Unaz
Formation) the unconformity can be dated into the same
nannofossil zones (CC17 and UC12-13) of the middle to
late Santonian. At Amasra, a prominent unconformity
with basal conglomerates and reworking is present at the
base of the Unaz Formation resting on the BarremianAptian deposits, exemplifying a distinct time gap and
erosion below the red limestones in this area (Hippolyte et
al., 2010; Keskin and Tüysüz, 2017).
The Cambu Formation starts still in the latest Santonian
to earliest Campanian (CC17b –UC13) and ranges locally
up into the mid-Campanian (CC20–UC15a). However,
turbidite intercalations are already present in CC19–
UC14d of early Campanian age. Consequently, the
overlying Akveren Formation is diachronous, starting
from CC19 (UC14d) to CC20 (UC15a) of the middle
Campanian (sensu Ogg and Hinnov, 2012) and ranging up
into the mid-Maastrichtian Abathomphalus mayaroensis
Zone, as evidenced by the presence of the nominative
taxon in the Bartın section.
Thus, ages of major volcanic and volcaniclastic phases
in the Western Pontides can be constrained using the
Geological Time Scale (GTS2012) and age range data for
marker microfossils. Applying the timescale of Gradstein
et al. (2012) and the ranges given by Anthonissen et al.
(2012), the lower volcanic unit, the Dereköy Formation,
ranges at least from older than ca. 91 Ma or 90.24 (base
Marthasterites furcatus) to 83.2 Ma (base Arkhangelskiella
cymbiformis). Using the timescale by Scott (2014) allows
some refinement around the Santonian–Campanian
boundary, thus indicating an age interval of below 89.36
Ma (base Marthasterites furcatus) to 83.6 Ma (base
Campanian). Consequently, a minimum depositional
time interval of 6 to 8 Ma can be reconstructed for the
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Figure 8. Selected thin section photomicrographs of volcaniclastic rocks. a) Vitric fragments (vf) with glass inclusions, lithic fragments
(lf) and carbonate minerals (c), sample T13/30b, Dereköy Fm., Çayaltı section; b) Lithic fragments (lf), basalt clast (bc) with plagioclase,
and clinopyroxene crystals (cp), T13/34, Cambu Formation, Amasra section; c) Large plagioclase phenocrysts (p), greenish olivine (o),
mica and lithic clasts, T13/38, Cambu Formation, Uğurlar section; d) Altered elongated feldspar (f) crystals predominate, T13/11b,
Dereköy Formation, Kuşçu section; e) Large mica aggregates of euhedral biotites (m) and fractured feldspars (f) in a matrix with
high amounts of volcanic glass, T13/37, Cambu Formation, Amasra section; f) Volcaniclastic rock with carbonate cement (c), crossed
polarization, T13/30b, Dereköy Fm., Çayaltı section.
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volcaniclastic Dereköy Formation. The volcanic phase of
the Cambu Formation covers a shorter time interval of ca.
4.6 to 5.5 Ma, from 83.6 Ma (base Campanian, Ogg and
Hinnov, 2012) to 79 Ma (base of overlying CC20-UC15b;
78.16 Ma in Scott, 2014). This second period of volcanism
was more voluminous compared to the first period.
5.2. Geochemistry of volcaniclastics
5.2.1. Alteration and mobility of elements
The sampled volcaniclastic sediments are often hardly
consolidated, highly porous and are therefore not very
resistant to alteration. Secondary minerals, such as calcite,
clay minerals and zeolites are found as signs of alteration.
Those minerals crystallized due to low temperature
processes and circulation of fluids. This caused a change
in original compositions indicated by the selective
enrichment and depletion of major and trace elements.
To determine the degree of alteration, the abundance of
certain clay minerals can be used. In a first stage, volcanic
glass, olivine, and anorthite decompose to chlorite, calcite
and zeolites (Chamley, 1989). In a following stage, chlorite
may take up hydrated cations, replacing hydroxyl sheets. In
addition, corrensite, composed of chlorite and vermiculite,
develops (Büchl and Gier, 2003). Also, smectites form
easily on basaltic materials as Fe-Mg species (Chamley,
1989). Consequently, the degree of alteration can be
deduced very accurately by the abundance of these clay
minerals. The samples containing olivines (e.g., Amasra
sections, Uğurlar section of the Cambu Formation)
and glass relics therefore experienced a lower degree of
alteration, whereas the samples with high abundances in
calcite, zeolite, and clay minerals have to be treated with
increased awareness of alteration effects.
The sampled volcaniclastics were deposited in the Late
Cretaceous, which accounts for more than 70 Ma time
span for alteration processes to take place. Therefore, it is
important to consider element mobility for the evaluation
of the significance of the quantitative geochemical results.
Buried seamounts have been identified in seismic lines
parallel to the southern Black Sea coast and are interpreted
as Upper Cretaceous submarine volcanoes (Nikishin et al.,
2015a, Tari, 2015). Deposition thus was largely submarine,
as deduced from intercalation with pelagic marl–marly
limestone beds. If subaqueous conditions are considered,
interaction with seawater has to be also taken into account.
Mobility of elements, concerning formation of chlorides
or other complexes, is thought not to be connected to the
ionic potential, as long as the concentration of dissolved
species and the water–rock ratio is high (Pearce, 1996).
Further, elements in basaltic glass like Y, P, and rare earth
elements can become mobile during intense sea-floor
weathering (Price et al., 1991). Subaerial weathering
also plays an important role. Types of leaching agents,

redox potential, temperature, pressure, and stability of
minerals influences the behavior of elements during
weathering have to be considered (Nesbitt, 1979; Gouveia
et al., 1993; Öhlander et al., 1996). Usually, elements
with intermediate ionic potential (charge/radius) are less
affected by weathering as they tend to remain in the solid
state and are the most immobile elements. In summary,
Zr, Hf, Nb, Ta, Y, Ti, Cr, La, Th, Ga, and Sc are some of
the most immobile elements concerning weathering and
metamorphism processes (Pearce, 1996); therefore, these
elements are primarily used in the following sections to
interpret volcanic sources and settings.
5.2.2. Discrimination diagrams
Major and trace element abundances of the volcaniclastics
were used to assign rock type, distinguish volcanic series
and get information about the tectonic setting. The sampled
volcaniclastic layers range from ultrabasic to acidic
composition in the Total Alkali versus Silica diagram (TAS:
Le Bas et al., 1986; Figure 9a). However, the vulnerability of
TAS diagrams concerning the effects of alteration has to be
taken into account (Le Bas et al., 1986). Therefore, the Nb/
Y-Zr/Ti diagram of Pearce (1996), originally developed by
Floyd and Winchester (1975, 1978) and Winchester and
Floyd (1976, 1977), where rather immobile elements and
their ratios are used for discrimination, may give more
robust results. The samples in this diagram (Figure 9b)
plot in fields of basalts, andesites, and dacites. It has to be
considered that the amount of oxides in the system and
addition of subduction melts could have influenced those
element ratios.
The Th-Co discrimination diagram (Hastie et al.,
2007) is another robust alternative diagram. The majority
of the samples plot in the basaltic–andesite to andesite
field (Figure 9c) overlaps in primary data have to be
considered. This discrimination diagram can be also used
to evaluate the results of the TAS diagram. Some samples
with low SiO2 content classify in the diagram from Hastie
et al. (2007) more on the acidic side, proposing that Si got
mobile during weathering, while Co stayed immobile.
Within the Dereköy Formation, the samples from the
Kuşçu section (Turonian-Santonian) are more acidic than
the ones from the Çayaltı section (Coniacian/Santonian)
suggesting a slight trend to less silic melts. However,
comparing the TAS diagram with immobile element
diagrams (Pearce, 1996; Hastie et al., 2007), we infer that
several samples suffered SiO2 loss.
The lower part of the Cambu Formation is covered
by samples from the Köseli and Amasra sections. Those
samples comprise the most acidic (dacitic/andesitic)
samples, while going up in stratigraphy again a trend
to more basic (basalt andesite/ basalt) composition is
observed. The upper part of the Cambu Formation was
sampled at the Uğurlar and Alayazı sections. The samples
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from Uğurlar are basalt andesitic, while the volcaniclastic
sample from the Alayazi and the Akveren Formation near
Bartın cannot be clearly assigned to a volcanic rock source.
Thus, a weak general trend to more basic compositions
upwards may be recognized within both formations.
The samples display dominantly calc-alkaline
character and some are also shoshonitic to high-K calcalkaline, also visible in the diagram (Figure 9d) based on
Pearce (1982), whereas no sample plots into the tholeiitic
fields. The Dereköy Formation samples from the Kuşçu
section display a slightly more calc-alkaline character than
the ones from Çayaltı in the immobile element diagrams.
Within the older part of the Cambu Formation, a similar
trend can be described. The oldest sample from the Cambu
Formation is the most shoshonitic one. The younger part
of the Cambu Formation shows again shoshonitic to calcalkaline characteristics with the sample from Alayazı being
the least calc-alkaline.
Various tectonic discrimination diagrams are used
such as the Ti-Y-Zr diagram (Pearce and Cann, 1973), a
good indicator for within-plate affinity, which excludes the
latter for all our samples (Figure 10a), except for a single
one from the Cambu Formation (Alayazı section). The
samples plotting into the MORB/CAB/IAT field can be
assigned as volcanic arc products. Those plotting outside
the arrays could represent an interaction of magma and
upper crust. Furthermore, the Hf-Ta-Th diagram (Wood,
1980) displays a uniform CAB affinity (Figure 10b). The
selective enrichment of Th is very typical for volcanic arc
basalts in connection with syncollision magmas. With the
Zr-Nb-Y diagram (Meschede, 1986; Figure 10c), P-MORB
and N-MORB can be distinguished, the latter is confirmed
for the samples. Additionally, the majority of the samples
lie within the VAB (volcanic arc basalts) fields (C, D). Like
in the diagram of Pearce and Cann (1973), two samples do
not plot within the drawn fields. Using a logarithmic twodimensional plotting of the four element ratios of La/Th,
Sm/Th, Yb/Th, and Nb/Th based on Agrawal et al. (2008)
confirms the elucidated tectonic setting, by classifying all
samples as arc-derived basalts (IAB field in Figure 11a).
Significant elements for discriminating volcanic arc
rocks were chosen due to their geochemical properties,
conservatism and compatibility, and plotted after being
normalized to N-type MORB (Pearce, 1996; Figure 11b).
The element patterns show a distinct Nb anomaly, with
respect to Th and Ce, which is typical for VABs. One
sample from the Cambu Formation (Alayazı section)
and three samples from the Dereköy Formation (Çayaltı
section) plot towards tholeiitic character (Pearce, 1996), as
Nb is depleted with respect to N-type MORB. The more
subalkaline Cambu sample from the Alayazı section is
the same one plotting in the WPB field in the diagram of
Pearce and Cann 1973 (Figure 9). The three samples from
the Çayaltı section (Dereköy Formation) were already
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classified in the immobile element discrimination plots
(Pearce, 1982; Hastie et al., 2007) as less calc-alkaline than
the ones from Kuşçu sections (Dereköy Formation).
One sample from the base of the Cambu Formation
(T13/42/T, Amasra sections) displays a more significant
Ti anomaly than other samples. This could be an effect of
fractional crystallization, which matches with more acidic
rock type classification (rhyodacite). Again, the zircon
enrichment in two samples of the Cambu Formation
(T13/37/T from the Amasra sections and T13/40/T
from the Uğurlar section) can be clearly seen and could
be interpreted as a shift in acidity or depth of melting.
However, in the sample from Uğurlar (T13/40/T) not
only primary prismatic volcanic zircons but also round
sedimentary zircons were identified microscopically. A
mixture with a non-volcaniclastic sediment source could
be an exclusive reason for the outliers and special caution
is applied regarding the interpretation of the results of
such samples.
Generally, our results are similar to the results obtained
from Keskin and Tüysüz (2017) on the geochemistry and
classification of the respective lavas of the Dereköy and
Cambu formations. Our mainly volcaniclastic samples
plot more into the basalt/andesite fields especially for
the Dereköy Formation than those of Keskin and Tüysüz
(2017) using the TAS diagram. Comparing the immobile
element discrimination plots, a within-plate trend is
better visible in the Pearce and Cann (1973) diagram of
Keskin and Tüysüz (2017: Figure 11) whereas our data
(Figure 10a) do not show such a trend. Keskin and Tüysüz
(2017) interpreted the older volcanic stage, the Dereköy
Formation, as an ensialic arc with subduction signature.
The younger volcanic stage contains mainly signatures
of a depleted lithospheric mantle source enriched by a
subduction component according to Keskin and Tüysüz
(2017).
5.3. Sedimentary systems and palaeogeographic
implications
The investigated sections and basins with their close
associations of pelagic–hemipelagic sediments, deep-water
turbidite and other mass-flow deposits, and volcanic and
volcaniclastic complexes provide a unique sedimentary
system with volcanic centers and islands surrounded by
carbonate-rich pelagic sedimentation. Zones of shallowwater reworking of volcanic rocks seem to be very limited
and/or were not preserved in the investigated sections.
Thus, we conclude that volcanism was essentially limited
to subaquaeous, largely deeper-water environments with
only intermittent subaerial exposure and predominating
deposition in bathyal pelagic and hemipelagic successions.
Cyclic sedimentation of marl–limestone couplets,
providing evidence for almost quiet and uniform pelagic
conditions, occurred besides active volcanic centers.
Thickness and facies changes within sections in lateral
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distances of only few kilometers give evidence for relatively
deep but small depocenters, and suitable life conditions
for calcareous planktonic organisms like foraminifera and
calcareous nannoplankton.
Upsection, alternating volcanics, volcaniclastics,
and turbidites are diachronously replaced by turbiditedominated deep-water depositional systems within the
pelagic–hemipelagic background basin setting. Siliciclastic
and carbonate-rich turbidites give evidence for regional
clastic input into the basins of the Western Pontides
during the early/mid-Campanian to Maastrichtian. This
may be interpreted as first tectonic activities leading to
uplift and erosion in the hinterland, probably to the south,

and redeposition into the deeper-water areas, related to
the Pontide orogeny, which then culminated during the
Eocene flysch-type sedimentation and the formation of
piggyback basins (Hippolyte et al., 2010).
5.4. Palaeotectonic implications
A major agreement can be found within the applied
discrimination diagrams, confirming generally a volcanic
arc setting for the studied Upper Cretaceous volcaniclastics
in the Western Pontides (Keskin and Tüysüz, 2017). This
supports the Late Cretaceous volcanic arc interpretation as
stated by, e.g., Keskin et al. (2008), Tüysüz (2011), Sipahi et
al. (2014), and Nikishin et al. (2015b). From seismic lines,
it is known that submarine volcanoes are situated parallel

201

BOEHM et al. / Turkish J Earth Sci
Ti/100

2Nb

Hf/3

a

b

c

NMORB

AI
IAT
WP A

CAB

AII

E-MORB,
WPT

IAT
MORB,
CAB,
IAT

B
P-MORB

WPT

WPB

CAB

C

WPA

VA
B

Zr

3*Y Th

Ta

D
N-MORB

Zr/4

Y

Figure 10. Triangular discrimination diagrams. a) Ti-Y-Zr discrimination diagram after Pearce and Cann (1973); b) Hf-Ta-Th
discrimination diagram after Wood (1980); c) Nb-Y-Zr discrimination diagram after Meschede (1986). Samples of Dereköy (green
symbols), Cambu (yellow symbols) and Akveren (red symbol) formations.

DF2

100.0
b

a

4

MORB

0

10.0

CRB

-8

-4

1.0
IAB

-8

-4

0

4

DF1

8

0.1

Th

Nb

Ce

Zr

T iO 2

Y

Figure 11. a) La/Th, Sm/Th, Yb/Th and Nb/Th discrimination diagram after Agrawal et al. (2008); b) Patterns of selected elements
normalized to NMORB after Pearce (1996). Samples of Dereköy (green symbols), Cambu (yellow symbols) and Akveren (red symbol)
formations.

to the southern Black Sea coast, north of the Pontides,
in a similar setting and with similar timing as onshore
successions (Tari, 2015). This submarine volcanic chain
is described as the Peri-Pontides volcanic arc (Nikishin et
al., 2015b) and is interpreted as the arc that produced the
Upper Cretaceous volcaniclastics found throughout the
Pontides. Subduction of the Neotethys Ocean triggered
this arc volcanism (Keskin and Tüysüz, 2017), although
corresponding Neotethyan ophiolites with appropriate
ages are largely missing (Tüysüz and Tekin, 2007; Okay et
al., 2013).
Therefore, structural and geochemical arguments are
used to decipher the position of the subducting ocean
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triggering this Late Cretaceous arc volcanism. Many authors
such as Tüysüz (1999) proposed the Izmir-Ankara-Erzincan
suture zone in the south of the Pontides and Sakarya as
the main controlling plate margin. This southern position
would imply a northward dipping subduction zone. Further,
this consumption of the northern branch of the Neotethys is
deduced to have caused back arc extension and subduction
rollback (Keskin and Tüysüz, 2017) that also triggered the
movement of the İstanbul terrane from Eurasia to the south
along transform faults (Okay et al., 1994; Tüysüz, 1999,
2017). Behind the İstanbul terrane rifting of the Western
Black Sea Basin started in the Early Cretaceous (e.g. Okay
et al., 1994; Tüysüz, 1999; Hippolyte et al., 2010; Tari 2015).
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Controversially, a subduction position north of
Pontides with a southward dipping subduction polarity
was also suggested (e.g., Dewey et al., 1973). Arguments
for the latter mainly build upon geochemical north-south
trends in the Eastern Pontides and a regional-scale southdipping reverse fault (Eyüboğlu et al., 2011). Eyüboğlu
et al. (2011) is using increased potassium content of the
magma series as an argument for increased distance from
the trench, but neither a geographical-tied interpretation
nor a clear trend in the magma series from the oldest to
the youngest volcanics can be inferred from our study in
the Western Pontides.
Our results show predominantly calc-alkaline and
shoshonitic to high-K calc-alkaline character. In the Th/
Yb-Ta/Yb (Pearce 1982) and in the Th-Co (Hastie et al.,
2007) discrimination diagrams no tholeiitic affinity can
be confirmed. However, within both the Dereköy and
Cambu Formations, trends to more subalkaline character
upsection can be inferred.
Based on our limited volcaniclastic sample set, no
further detailed interpretation of spatial and temporal
trends within the complexes can be given. Further
studies may also allow a linkage of the Upper Cretaceous
successions of the Western Pontides to those of the similar
mixed volcaniclastic–pelagic successions in the Mudurnu–
Göynük Basin in central Sakarya, some 200 km to the
southeast of the study area. The latter display largely similar
lithologies and age distributions compared to the İstanbul
zone of the Western Pontides (Yılmaz, 2008; Wolfgring
et al., 2016, 2017), and similar paleotectonic settings are
reconstructed for red pelagic limestones in comparison to
the Unaz Formation of the Western Pontides (Tüysüz et al.
2012; Yılmaz, 2008).
6. Conclusion
The Upper Cretaceous of the Western Pontides comprises
unique sedimentary succession of volcanic-volcaniclastic
depocenters in a pelagic-to-hemipelagic environment including deep-water mass-flow sedimentary systems. Correlation with relative ages from nannofossils and planktonic foraminifera yields precise age constraints for the
two distinct Upper Cretaceous volcanic/volcaniclastic

units, the Dereköy and Cambu formations. Thus, biostratigraphic data from sections showing interlayering of volcaniclastics and pelagic sediments allow to date the main
volcanic activity within the Western Pontides volcanic arc
to ca. 91–83.6 Ma (Turonian–Santonian, Dereköy Formation) and ca. 83–79 Ma (early-mid-Campanian, Cambu
Formation).
Encountering element mobility in weathered Turonian
to Campanian volcaniclastics during fractional crystallization, submarine deposition, as well as subaerial exposure,
discrimination diagrams based on immobile element (ratios) were used to confirm the tectonic setting as a volcanic
arc. The rock types range from basalt to andesites to rhyodacites. The volcanic series are assigned a calc-alkaline to
shoshonitic character. An interpretation as a volcanic arc
related to Neotethyan subduction and back-arc opening of
the Western Black Sea seems compatible with our data.
Our study does not demonstrate distinctive spatial
or temporal trends in the magmatism, although a weak
trend to more tholeiitic character is recognized from older
to younger intervals of respective formations. Volcanic
trends and palaeotectonic conclusions from our data do
not support a unambigous interpretation of the subduction
zone orientation; further studies especially in the Western
Pontides and correlation to the Eastern Pontides and other
basins in western Turkey would be helpful to resolve these
questions in the future.
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Appendix
Table A1. Geochemical data delivered by Acme Lab Canada (oxides in %, others in ppm), modified from Boehm (2015).
T13/0 T13/1 T13/1 T13/1 T13/1 T13/2 T13/3 T13/3 T13/3 T13/3 T13/3 T13/3 T13/3 T13/4 T13/4 T13/4
3/T 1b/T
2/T 2b/T
6/T
8/T 0a/T 0b/T
4/T
7/T 7b/T
8/T
9/T
0/T
2/T
8/T
45.54 32.39 45.92 42.18 20.32 40.81 55.15 50.48 59.19 59.39 51.18 51.77 53.00 57.38 76.10 37.69
12.50 10.73 21.91 14.30 9.59 14.79 17.60 16.70 18.12 19.70 19.89 14.70 16.62 19.17 13.86 9.60
6.54 5.44 6.56 7.14 5.48 2.77 8.56 8.46 5.01 6.52 10.17 9.66 7.70 7.30 1.01 3.15

Sample

SiO2
Al2O3
Fe2O
3
MgO
CaO
Na2O
K2O
TiO2
P2O5
MnO
Cr2O3

%

Ni
Sc
Ba
Be
Co
Cs
Ga
Hf
Nb
Rb
Sn
Sr
Ta
Th
U

PPM

%
%

2.96 2.36 2.24 2.63 1.69 1.92 7.34 5.01 3.18 2.88 3.64 5.91 3.73 3.22 1.58 1.70
28.76 45.89 19.85 29.63 48.97 36.63 6.10 12.16 8.32 6.00 10.39 13.41 13.51 6.97 6.41 44.98
0.32 0.32 0.82 1.52 0.68 1.07 1.97 3.29 1.58 2.97 1.42 1.29 1.50 3.45 0.43 0.31
2.44 2.20 1.79 1.38 3.33 1.06 2.27 2.87 3.56 1.65 1.63 2.03 2.91 1.51 0.27 1.97
0.46 0.47 0.61 0.87 0.67 0.57 0.70 0.75 0.71 0.57 0.99 0.79 0.70 0.61 0.20 0.40
0.21 0.12 0.15 0.20 0.17 0.10 0.17 0.11 0.30 0.19 0.12 0.18 0.11 0.19 0.06 0.11
0.31 0.09 0.12 0.17 0.17 0.23 0.13 0.22 0.08 0.15 0.50 0.24 0.18 0.15 0.05 0.09
<.002 0.004 0.003 0.003 0.010 0.011 0.025 0.002 0.008 0.005 0.025 0.028 0.019 0.004 <.002 0.006

%
%
%
%
%
%
%
%

PPM
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Ce
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Cu
Pb
Zn
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Ag
Au
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Tl

PPM

23
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17
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<1
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0.78
3.24
0.46
2.92
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<0.1
9.5
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PPM
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PPM
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99.84 99.88 99.79 99.78 99.77

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5
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99.8 99.76 99.77 99.47 99.75 99.69 99.75 99.76 99.74 99.17 99.88
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Table A2. Abbreviations used in the text and/or figures.
CAB

calc-alkaline basalt

CRB

continental rift basalt

E-MORB

enriched midoceanic ridge basalt

IAB

island arc basalt

IAT

island arc tholeiite

MORB

midoceanic ridge basalt

N-MORB

normal midoceanic ridge basalt

OFB

ocean floor basalt

P-MORB

plume-influenced midoceanic ridge basalt

VAB

volcanic arc basalt

WPA

within-plate alkaline basalt

WPB

within-plate basalt

WPT

within-plate tholeiite

Qualitative powder X-ray diffraction data
The mineralogical composition of the studied tuffs was investigated using powder X-ray diffraction (XRD). Almost all X-ray patterns
(see Figure A1), except some of the samples from the Dereköy Formation, show feldspar peaks (3.18 Å). The alkali-feldspar sanidine and
plagioclase (anorthite–albite) occur frequently, whereas the alkali–feldspar microcline was found less often. With increasing instability
of anorthite (Ca-plagioclase), both calcite cement and clay mineral content increase, as documented by significant calcite peaks (3.03
Å) and clay mineral abundance. Clay minerals could be identified by a broad peak around 15 Å). Preferentially, clay minerals of the
expandable smectite group are represented by this peak and among these montmorillonite and nontronite are most common. After
saturation of sample T13/30a with ethylene glycol, the peak at 15 Å shifted to 17 Å; this confirmed the presence of smectite. Additionally
some samples, mainly belonging to the Cambu Formation, show zeolite peaks (5.53 Å). They contain mainly analcime and clinoptilolite
and smaller amounts of heulandite. In addition, pyroxenes were found, and augite is present in several samples (T13/30a, T13/37b,
T13/42, T13/40). Amphiboles, in contrast, seem to be less abundant, as traces of actinolite were only found in some samples, one
showing a distinctive hornblende peak (T13/12B). Additionally, some samples contain magnetite minerals. Quartz is abundant in seven
samples, indicated by a peak at 3.34 Å. the quite significant background signal in some samples may represent the glassy matrix.
The majority of the samples from the Dereköy Formation contain quartz, whereas almost no quartz is present in those of the Cambu
Formation. Further, the Dereköy samples contain more calcite, but less feldspar. Zeolite minerals, like clinoptilolite are typical for the
Cambu samples and could significantly less often be identified in the Dereköy samples.
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Figure A1. Powder X-Ray diffractograms of the tuff samples from the Dereköy (green), Cambu (yellow) and Akveren (gray)
Formation (modified from Boehm, 2015).

3

